In the yeast Saccharomyces cerevisiae, DNA topoisomerases I and II can functionally substitute for each other in removing positive and negative DNA supercoils. Yeast ∆top1 top2(ts) mutants grow slowly and present structural instability in the genome: over half the rDNA repeats are excised in the form of extrachromosomal rings, and small circular minichromosomes strongly multimerize. Since these traits can be reverted by the extrachromosomal expression of either eukaryotic topoisomerase I or II, their origin is attributed to the persistence of unconstrained DNA supercoiling. Here, we examine whether the expression of the Escherichia coli topA gene, which encodes the bacterial topoisomerase I that removes only negative supercoils, compensates the phenotype of ∆top1 top2(ts) yeast cells. We find that ∆top1 top2(ts) mutants expressing E. coli topoisomerase I grow faster, and do not manifest rDNA excision and minichromosome multimerization. Furthermore, the recombination frequency in repeated DNA sequences, which is increased by nearly two orders of magnitude in ∆top1 top2(ts) mutants relative to the parental TOP+ cells, is restored to normal levels when the bacterial topoisomerase is expressed. These results indicate that the suppression of mitotic hyper-recombination caused by eukaryotic topoisomerases I and II is mainly effected by the relaxation of negative rather than positive supercoils; and they highlight the potential of unconstrained negative supercoiling to promote homologous recombination.
INTRODUCTION
The budding yeast Saccharomyces cerevisiae has three structurally different DNA topoisomerases: topoisomerase I, a type IB enzyme encoded by TOP1; topoisomerase II, a type II enzyme encoded by TOP2; and topoisomerase III, a type IA enzyme encoded by TOP3 (For recent reviews see Refs. 1 and 2). Topoisomerase II is essential for cell viability since it is required to unlink intertwined pairs of replicated DNA domains at the time of mitosis (3) .
Another important role of topoisomerases is to prevent excessive supercoiling of DNA (4, 5) .
Yeast topoisomerase I efficiently relaxes the positive and negative DNA supercoils generated, respectively, in front of and behind the molecular ensembles that track along the double helix (6, 7, 8) . Since yeast null top1 mutants are viable (9, 10) , the cellular roles of topoisomerase I must be fulfilled by yeast topoisomerase II, which is also efficient in the relaxation of positive and negative supercoils (Fig. 1) . Conversely, the less abundant topoisomerase III does not have significant effects on the overall supercoiling of intracellular DNA (11) .
Genetic and biochemical studies have revealed that the DNA relaxation activity of yeast topoisomerases I and II has deep implications in genome stabilization (5, 12) . Null top1 mutants have a high frequency of mitotic recombination in the rDNA cluster relative to TOP+ cells (13) . Single top2(ts) mutants, whose weak topoisomerase II activity is abolished at 35°C, also show increased recombination in the rDNA (13) when grown at a permissive temperature (26°C). More striking features of genome instability are observed in ∆topl top2(ts) double mutants (Fig. 2) . In these cells, over half the rDNA genes are excised in the form of extrachromosomal rings, which contain one or more copies of the 9 kb rDNA unit (14) ; and small circular minichromosomes form broad distributions of multimers, which consist of tandemly repeated copies of their monomeric sequences (15) . These traits, probably mediated by homologous recombination, have been attributed to excessive supercoiling of DNA (12, 14, 15) . Whereas in ∆topl or top2(ts) single mutants the presence of either topoisomerase II or I suffices to relax DNA, supercoils persist longer in the double mutant because of the limited activity of topoisomerase II available at 26°C. The formation of extrachromosomal rDNA rings and the multimerization of circular minichromosomes can be reverted by the extrachromosomal expression of yeast topoisomerase I or II (14, 15) . Since these enzymes are 4 structurally different, only their common ability to relax DNA supercoils can account for the suppression of the instability traits.
Here we investigate whether the positive or the negative supercoiling of DNA differentially determine the genetic instability found in topoisomerase-deficient cells. We examined the phenotype of ∆topl top2(ts) mutants supplemented by the extrachromosomal expression of the S. cerevisiae topoisomerase I, the S. cerevisiae topoisomerase II, and the E. coli topoisomerase I. Unlike the yeast topoisomerases I and II, which relax positive and negative supercoils, E. coli topoisomerase I is a type IA enzyme that normally removes only negative supercoils (16) (Fig. 1) . Previous studies have demonstrated that it can be expressed and that it is active in yeast cells (7, 8) . We report that the compensations achieved by expressing the E. coli DNA topoisomerase I are comparable to those attained with the yeast topoisomerases I and II. These observations reveal that genetic instability in topoisomerase-deficient cells is mainly a result of the failure to relax the negative rather than the positive supercoiling of intracellular DNA.
MATERIALS AND METHODS
Strains and plasmids -Yeast strains were originally obtained from the laboratory of James C.
Wang (Harvard University). All strains are derivatives of FY251 (MATa his3-∆200 leu2-∆1 trp1-∆63 ura3-52). JCW26 (top2-4), harboring a thermo-sensitive mutation in the TOP2 gene, was derived by one-step gene replacement (17) . JCW27 (∆top1) and JCW28 (∆top1 top2- 4) were derived from FY251 and JCW26, respectively, by the hit-and-run system of gene replacement to create a null mutation in the TOP1 gene (18) . Yeast cells were grown in synthetic selective or rich media (19) ; and cell transformations were done by the lithium acetate method (20) .
Plasmids YEptopA-PGAL1, pRK-G1T1, and YEpTOP2GAL1 were provided by James C. Determination of recombination frequencies -Recombination frequencies were calculated as the median of three fluctuation tests, each performed with six independent colonies for each transformant studied (22) . Yeast strains carrying plasmids with the URA3 marker were grown in SC (-ura) media. After transformation with pRS314-L or pLeeuu2, which carried the TRP1 marker, independent colonies selected on SC (-trp) plates were serially diluted and plated on SC (-leu) to determine the median frequency of Leu + recombinants. The viable cell number was simultaneously determined on SC (-trp) plates.
DNA extraction and electrophoretic analysis -DNA from transformed yeast cells was prepared from yeast spheroplast (24) . DNA blot-hybridization (25) was done using 32 P labeled DNA probes obtained by random priming of gel-purified DNA fragments. to examine the migration of rDNA sequences. Extrachromosomal rDNA rings (R) were present in the cells carrying YEp24 (Fig. 4, lanes 1, 3, 5 ). As expected, either the expression of yeast topoisomerase I (Fig. 4, lane 2) or yeast topoisomerase II (Fig. 4, lane 4) 
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RESULTS
Expression of the E. coli topoisomerase I compensates
Expression of E. coli topoisomerase I prevents the DNA hyper-recombination found in ∆top1
top2-4 yeast mutants -To explore whether E. coli topoisomerase I had a more general effect on genome stabilization in yeast cells defective in topoisomerase activities, we determined its effect on homologous recombination frequency. As substrates for DNA recombination, we used either a yeast multicopy plasmid, pLeeuu2, or a yeast centromeric plasmid, pRS314-L (Fig. 6A) . In both constructs, homologous recombination between two directly repeated sequences would reconstitute the yeast LEU2 gene (Fig. 6B) . We determined the recombination frequency of pLeeuu2 and of pRS314-L within the set of isogenic strains required. So far, we conclude that the genetic instability generated by the combined deficiency of eukaryotic topoisomerases I and II can be mainly attributed to failure to remove negative supercoils rather than positive ones.
